Abstract-An Intentional Controlled Islanding (ICI) algorithm based on an exact Mixed Integer Programming Formulation (MILP) was previously proposed and tested using IEEE test systems. The proposed algorithm directly determines an islanding solution with minimal power-flow disruption for any given number of islands, while ensuring that each island contains only coherent generators. However, since one or more of the created islands might reach a local blackout after the splitting strategy is carried out, the aforementioned algorithm is extended to consider power system restoration constraints. Considering that data collection is essential to properly run a restoration process and assuming a completely observable power system at normal operating conditions, the extended ICI algorithm creates islands that are also completely observable, includes at least one blackstart unit within each island, and guarantees sufficient generation capacity to match the load consumption within each island. These new constraints can be viewed as a power system restoration planning stage.
INTRODUCTION
Intentional controlled islanding (ICI) is an effective corrective control action to mitigate the occurrence and consequences of large-scale blackouts in power systems [1] . When the loss of the power system integrity is inevitable, splitting strategies are carried out to separate the system into smaller subsystems, also known as islands. The controlled islanding solution needs to determine the proper splitting points so that the formed islands can ensure a secure supply of the demand by stabilized local generators while maintaining generator coherencies and other static and dynamic constraints [2] , [3] .
Several methods are reported in the literature to determine possible splitting strategies. In these methods, ICI is usually modeled as a combinatorial optimization problem with constraints. The objective function of this optimization problem is to minimize either the power-flow disruption or the power imbalance within islands, while the constraints are the coherent generator groups [4] . Nonetheless, the concept of controlled islanding strategies combined with an approach of Parallel Power System Restoration (PPSR) is still an unexplored research area that only a few works have attempted to explore [5] .
Although the objective of controlled islanding schemes is to avoid a complete blackout, one or more islands might reach a local blackout after the splitting strategy is carried out. These undesirable events occur due to the lower stability margin in the created island compared to the one for the entire power system. When a local blackout occurs in an island, PPSR should be carried out in order to restore the island, and therefore, restore the power system. It has been stated in [5] that the following constraints, regarding the PPSR, should be considered when applying controlled islanding strategies: (i) each island should have sufficient blackstart (BS) capability, (ii) each island should have enough cranking paths to crank non-blackstart units or pick-up loads, (iii) each island should have the ability to match generation and load within prescribed frequency limits, (iv) each island should have adequate voltage controls to maintain a suitable voltage profile, (v) all tie points for subsystems must be capable of synchronization with adjacent subsystems, and (vi) all islands should share information with other islands.
An exact ICI algorithm for solving effectively the ICI problem has been proposed in [6] . The proposed algorithm directly determines an islanding solution with minimal powerflow disruption for any given number of islands, while ensuring that each island contains only coherent generators. Additionally, it enables operators to constrain any transmission line to be excluded from the solution (e.g., transformers), allows the control of the size of islands and ensures that each resulting island is connected. A preprocessing procedure which finds the trees that connect the generators of each coherent group with the minimum number of nodes has also been proposed in [6] . The nodes of these trees are assigned to specific islands a priori for reducing the overall complexity of the problem.
In this paper, the aforementioned algorithm is extended to consider power system restoration constraints. Assuming a completely observable power system at normal operating conditions, the extended ICI algorithm creates islands that are also completely observable. Moreover, it includes at least one blackstart (BS) unit within each island and guarantees sufficient generation capacity to match the load consumption within each island. These new constraints can be viewed as a power system restoration planning stage. This paper is organized as follows: the exact ICI algorithm based on a MILP formulation is presented in Section II. Section III explains the additional power system restoration constraints incorporated to the MILP formulation. Simulation results for the IEEE 39-bus and 118-bus test systems are presented in Section IV. The paper concludes in Section V.
II. INTENTIONAL CONTROLLED ISLANDING
This section presents the exact MILP formulation for solving the ICI problem for minimal power-flow disruption. The graph theory fundamentals are also given in this section.
A. ICI Problem Modeling
In graph theory, an undirected graph-model , ( ) =    can be used to describe an m-generator and n-bus power system. In this graph-model, the node set A cutset ⊂    [7] is the set of edges to be removed to 
In the ICI problem for minimal power-flow disruption,   consists of the edges that represent the transmission lines in the system to be disconnected to create the islands. The value of the cut corresponds to the power-flow disruption in the resulting islands.
B. Exact ICI Algorithm for Minimal Power-Flow Disruption
The ICI problem for solving the minimal power-flow disruption can be represented as a constrained combinatorial optimization,
where ij P and ji P represent the active power flow in the branch from bus i to j, and from j to i, respectively (to accommodate network losses).
gen k  is a node subset that contains the coherent generator groups for each island k  . C  is an edge subset that contains all the branches that cannot be disconnected (e.g., transformers, critical lines). The use of minimal power-flow disruption as the objective function minimizes the sum of the absolute values of the active power exchange between islands. This property improves the transient stability of the formed islands, reduces the possibility of overloading the transmission lines within the newly created islands and makes island resynchronization easier [8] , [9] . The constraints applied when satisfying this objective function deal with coherent generator groups and line availability.
1) MILP formulation to solve the ICI problem
Consider an undirected, connected graph ( , ) =    and a
The objective is to partition the graph into K subgraphs indicating the islands while a) minimizing the weight of the edges that are not included in any subgraph which is defined as the partitioning cost and is described by the objective function:
b) controlling the size of subgraphs and c) ensuring that each produced subgraph is connected. In addition, the resulting subgraphs , ( ) 2) Preprocessing procedure Since the MILP formulation allows the easy manipulation of its existing constraints, a preprocessing procedure is developed for reducing the search space of the MILP and the overall complexity of the problem. The preprocessing procedure has as inputs i) the graph ( , ) =    of the power system with all weights equal to one and ii) a set ,
 , which holds the coherent generator groups for each island k  to be formed. The objective of the preprocessing procedure is to find a tree , , ( )  . Therefore, the nodes that are included in k  will be directly assigned to their resulting island in the MILP formulation, ensuring the generator coherency. It is noted that in the case where a tree ( ) ,
  does not contain any load-bus (e.g., a coherent group that consists of only one generator), then the particular tree is expanded to include one through finding the minimum path between them. This adjustment avoids the production of isolated generator nodes, and consequently, more reliable islands are formed.
III. CONTROLLED ISLANDING AND PARALLEL POWER SYSTEM RESTORATION
In this section, the concept of controlled islanding is combined with an approach of Parallel Power System Restoration (PPSR). This is achieved though the incorporation of additional power system restoration constraints to the MILP formulation presented in Section II.
1) Observability
Assuming that at normal operating conditions the system is completely observable by Phasor Measurement Units (PMUs), the additional observability constraint can be defined as, 
where i r (i=1,…,n) are the elements of a binary vector defined as:
1, if there exists a PMU at bus 0 , otherwise
The above observability constraint ensures that each node bus i v is observable either by at least one of its neighboring buses or by itself. This leads to the formation of islands that are also completely observable.
2) Blackstart availability
Assuming that sufficient BS units are available, this constraint includes at least one BS unit within each island. consumption in bus i of island k respectively. Assuming that the generators are able to operate at full rated power, (8) guarantees sufficient generation capacity to match the load consumption within each island. At the same time, (9) avoids the unnecessary shut down of generators just to achieve the load-generation balance. Hence, both the cost of disconnecting a generator from the system and the time delay of reconnecting it afterwards are negated.
3) Sufficient generation capacity and unit commitment preservation

IV. SIMULATION RESULTS
To demonstrate the effectiveness of the aforementioned extended ICI algorithm, the IEEE 39-bus and 118-bus test systems are used. The dynamic data of the generators and the details of the controllers (i.e., AVR and governors) can be found in [11] . The algorithm is aimed to be used following the determination of the necessity to split the power system. Moreover, it is assumed that an optimal placement of Phasor Measurement Units (PMUs) has been previously performed for complete observability of these test systems at normal operating conditions. All times quoted are based upon simulations performed in Matlab (a PC with 3.10 GHz dual core CPU and 4 GB RAM).
A. IEEE 39-bus Test System
The single-line diagram of the IEEE 39-bus test system is presented in Fig. 3 . This system has 10 synchronous generators, 34 transmission lines, 12 transformers and 19 constant power loads. The optimal PMU locations are shown in Table I [12] . This paper considers generators 30, 32, 34 and 39 as BS units.
Testing case description:
At time t = 1 s, the value of loads at buses 3, 4, 7, and 8 is increased by 10% (total step change of 157.78 MW). As a result, a transient instability is created into the system. Based on a two-step methodology proposed in [13] for real-time identification of coherent generator groups, for the case of two islands (K=2), the coherent generator groups are {G31, G32} and {G30, G33, G34, G35, G36, G37, G38, G39}. The necessity to split the system is considered to be at 2 s. Hence, considering the power flow and actual topology of the system at t = 2 s, the proposed extended ICI algorithm is used to find the optimal islanding solution. As mentioned in Section II, the preprocessing procedure finds first the trees which connect all the generators of each coherent group with the minimum number of nodes (Fig. 1) . The nodes of these trees are then served as an additional constraint to the MILP formulation. The implementation of the proposed ICI algorithm identifies the optimal solution (for minimum imbalance) across the lines 3-4, 5-8, 7-8 and 15-16 (blue dashed line in Fig. 3 ). The (Table II) . Hence, islanding was undertaken at t = 2.047 s. The load and generation in each island, as well as the generation capacity, BS availability and observability status of each island are presented in Table III . As it can be noticed, at least one BS unit and sufficient generation capacity to match the load consumption are available in each island. Moreover, it is important to understand that the proposed ICI algorithm has ensured the creation of completely observable islands whose status can be assessed during the post-islanding stage. For K=3, the coherent generator groups obtained are {G39}, {G31, G32} and {G30, G33, G34, G35, G36, G37, G38} [13] . Fig. 2 shows the trees found by the preprocessing procedure. The islanding solution determined by the execution of the proposed extended ICI algorithm is marked in Fig. 3 (red dotted line) and summarized in Table II . This solution was obtained in approximately 0.046 s and thus the corresponding corrective control strategy was undertaken at t=2.046 s. the strategy. As it can be noticed, all the formed islands are completely observable and there is at least one BS unit and sufficient generation capacity in each of them.
B. IEEE 118-bus Test System
The second test system used to demonstrate the efficiency of the proposed extended ICI algorithm is the IEEE 118-bus test system. The topology of the system is shown in Fig. 7 . This test system contains 19 synchronous generators, 177 transmission lines, 9 transformers and 91 constant power loads. The optimal PMU locations for this test system are shown in Table V [14] . This paper considers generators 25, 69, 87 and 89 as BS units.
The coherent groups of generator of the IEEE 118-bus test system are obtained by using the coherency algorithm [15] and by changing the number of coherent generator groups from two groups up to the number of available BS units (Table VI) . Figs. 4-6 show the trees found by the preprocessing procedure for each case. As mentioned above, the nodes of these trees will be served as an additional constraint to the MILP formulation which will contribute to the reduction of its search space. It is noted that for K=4 (Fig.  6 ), the assignment of at least one load to the coherent group {87} (i.e., load 86) has been made (finding the minimum path between them) in order to avoid the collapse of the particular island. Fig. 7 illustrates the islanding solutions determined by the execution of the proposed extended ICI algorithm for all the possible number of coherent groups. The information about the splitting strategies found, the values of the cuts and the execution times are presented in TableVII. Table VIII , IX, and X present the PPSR constraints included in the strategy for K=2, K=3, and K=4 respectively. As it can be noticed, the proposed ICI algorithm has ensured the creation of completely observable islands for each case. In addition, at least one BS unit and sufficient generation capacity to match the load consumption are available in each island. As these constraints have been included in the proposed algorithm, PPSR is planned in case of a local blackout in any island. Figure 5 . Preprossesing procedure on IEEE 118-bus test system for K=3 Figure 6 . Preprossesing procedure on IEEE 118-bus test system for K=4
V. CONCLUSION
In this paper, an exact ICI algorithm based on a MILP formulation that directly determines an islanding solution with minimal power-flow disruption for any given number of islands is extended to consider power system restoration constraints. The new constraints deal with sufficient generation capacity, blackstart availability and observability within each created island. The proposed extended ICI algorithm is tested using dynamic models of the IEEE 39-and 118-bus test systems. Multiple case studies are developed to demonstrate the effectiveness of the algorithm to different system conditions. It is important to note that there are a few seconds for controlled islanding after the system suffers a severe fault [16] . Based on the simulation results, it can be seen that the proposed extended ICI algorithm can meet the requirement of real-time controlled islanding while planning a parallel power system restoration in case of any eventuality.
